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Chung, Kolb, Riotto (also Kuzmin & Tkachev)
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Superheavy particlesSuperheavySuperheavy particlesparticles

• Inflaton mass (in principle measurable from   
gravitational wave background, guess               ) may  
signal a new mass scale in nature.

• Other particles may exist with mass comparable to  
the inflaton mass.

• Conserved quantum numbers may render the particle    
stable.

GeV1012



Long-lived superheavy particles!LongLong--lived lived superheavysuperheavy particles!particles!
• In superstring models:

Ellis, Gelmini, Lopez, & Nanopoulos

• With discrete gauge symmetries:
Hamaguchi, Nomura, & Yanagida

• In dynamical SUSY breaking models:
Hamaguchi, Izawa, Nomura, & Yanagida

• Brane-world mechanisms:
Crooks, Dunn, & Frampton

• With conserved quantum numbers (possibly discrete):



Model explorationModel explorationModel exploration
Gravitational Production:
• Fermions Kuzmin & Tkachev
• Non-conformal couplings Kuzmin & Tkachev
• Small-field models Crotty, Chung, Kolb, Riotto
• Hybrid models Crotty, Chung, Kolb, Riotto



Model explorationModel explorationModel exploration

natural                                  hybrid

Chung, Crotty, Kolb, Riotto
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Isocurvature modesIsocurvature Isocurvature modesmodes
Mode equation  (τ = conforml time)
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Isocurvature modesIsocurvature Isocurvature modesmodes
Kuzmin & Tkachev Chung, Kolb, Riotto, Senatore
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Wimpzilla characteristics:WimpzillaWimpzilla characteristics:characteristics:

• supermassive: 109 - 1019 GeV (~ 1012 GeV ?)
• abundance may depend only on mass
• abundance may be independent of interactions

sterile?
electrically charged?
strong interactions?
weak interactions?

• unstable (lifetime > age of the universe)?



WIMPZILLA footprints:WIMPZILLA footprints:WIMPZILLA footprints:

Isocurvature modes: CMB, Large-scale structure
Decay:   Ultra High Energy Cosmic Rays
Annihilate:  Galactic Center, Sun
Direct Detection: Bulk, Underground Searches



Gravitino productionGravitino Gravitino productionproduction

Giudice, Riotto, Tkachev
Linde, Kallosh, Kofman, Van Proeyen
Nilles, Peloso, Sorbo
Nilles, Olive, Peloso
……

(perhaps it is a bug after all…)



Brane cosmologyBrane cosmologyBrane cosmology
• Old idea of extra dimensions and unification

Kaluza (1919) Klein (1926)
Compact extra dimension
5-D gravity              4-D gravity + electrodynamics
Kaluza-Klein expansion

Massless scalar in 5 spacetime dimensions

Infinite tower if Kaluza-Klein modes
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Brane cosmologyBrane cosmologyBrane cosmology
• Extra dimensions required in string theory/M-theory

D=26 for Bosonic string, D=10 for Fermionic string
What to do with the extra dimensions?

• Matter confined to a (3+1)-dimensional slice (brane)
in a (3+1+n)-dimensional bulk. 

Gravity lives in the bulk 
(closed strings)

Other forces confined to the brane
(open strings)

the

brane
the
bulk

the
bulk

gravity

other forces
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Brane cosmologyBrane cosmologyBrane cosmology
• Starting point: Einstein’s equations in 5 dimensions

• Homogeneity/isotropy in 3 spatial dimensions on brane

• Stress-energy tensor, bulk + brane at y=0

3
*AB ABG M T−=

2 2 2 2 2 2 2( , ) ( , ) ( , )
( , 0) 1            ( , 0)  scale factor

ds n t y dt a t y dx b t y dy
n t y a t y

= − −
= = = =

diag( , , , , )A
B BULK BULK BULK BULK BULKT p p p Yρ= − − − −

bulk:

brane:
diag( , , ,( ) ,0)A

B BRANE BRANE BRANE BRANET p py pδ ρ= − − −



Brane cosmologyBrane cosmologyBrane cosmology
• Starting point: Einstein’s equations in 5 dimensions
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Brane cosmologyBrane cosmologyBrane cosmology
• Israel junction condition (Israel 1966)

An

 :  unit vector normal to the brane
:  the induced metric

:  the extrinsic curvature
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Brane cosmologyBrane cosmologyBrane cosmology
• Starting point: Einstein’s equations in 5 dimensions

3
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Brane cosmologyBrane cosmologyBrane cosmology
• Starting point: Einstein’s equations in 5 dimensions

3
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B BG M T−= continuous part + singular part
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Brane cosmologyBrane cosmologyBrane cosmology
• New Friedmann law  Binetruy, Deffayet, Langlois (2000)
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• Possible solution  Randall & Sundrum (2000)
Introduce a tension in the brane ρ ρ σ→ +
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Brane cosmologyBrane cosmologyBrane cosmology
Effects on inflation:

• Modified Friedmann law?
• “Radion” could be the inflaton
• “Transdimensional” corrections?
• Brane collisions (yuckpryotic)?
• Varying GN (why are extra dimensions stable?)



Seeds of structureSeeds of structureSeeds of structure
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Missing PiecesMissing PiecesMissing Pieces

Dark MatterDark Matter



M33 rotation curve
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Sofue & Rubin

CO – central regions
Optical – disks
HI – outer disk & halo

Rotation curvesRotation curvesRotation curves





Tony Tyson, Lucent





The evolved spectrumThe evolved spectrumThe evolved spectrum



Most of the universe is              !Most of the universe is              !
• Modified Newtonian dynamics
• Planets
• Mass disadvantaged stars

brown red white   
• Black holes

gravitational
microlensing



Large Magellanic Cloud
150,000 light years distant

100 million stars





Microlensing
black-hole
candidates

MicrolensingMicrolensing
blackblack--holehole
candidatescandidates

Bennett et al.
(also Mao et al.)



Stellar-Mass Black Holes
In the Solar Neighborhood
(with Jim Chisholm & Scott Dodelson)

StellarStellar--Mass Black HolesMass Black Holes
In the Solar NeighborhoodIn the Solar Neighborhood
(with Jim Chisholm & Scott (with Jim Chisholm & Scott DodelsonDodelson))

Holes in the ‘hoodHoles in the ‘hood



Model spectral energy distributions:Model spectral energy distributions:Model spectral energy distributions:
dL Lν
ν ν

ν
= ∫

SDSS
RASS

spectral energy distribution
(contribution per decade)Lνν =





SDSSSDSSSDSS

2.5 m telescope

data acquisition
system



Most of the universe is              !Most of the universe is              !
• Modified Newtonian dynamics
• Planets
• Mass disadvantaged stars

brown red white   
• Black holes

gravitational
microlensing

• The weight of space
• Fossil remnant of the big bang



Particle Dark Matter CandidatesParticle Dark Matter CandidatesParticle Dark Matter Candidates

• neutrinos                                           (hot dark matter)
• sterile neutrinos, gravitinos        (warm dark matter)
• LSP (neutralino, sneutrino, …) (cold dark matter)
• axion, axion clusters
• WIMPZILLA
• solitons (B-balls; Q-balls; Odd-balls,….)

•
•
•
•
•



Neutrinos?Neutrinos?Neutrinos?

• Neutrinos are known to exist
three active + sterile?

Neutrinos?Neutrinos?Neutrinos?

• Neutrinos are known to exist
three active + sterile?

• Neutrinos are strongly suspected to have mass

• Massive neutrinos contribute to the mass density



The evolved spectrumThe evolved spectrumThe evolved spectrum







Cold thermal relicsCold thermal relicsCold thermal relics
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Desperately seeking SUSYDesperately seeking SUSYDesperately seeking SUSY
Hierarchy problem:
• fundamental scale is Planck mass*
• particles have mass much less than Planck mass

o gauge bosons protected by gauge symmetry
o fermions protected by chiral symmetry
o scalars (e.g., Higgs) defenseless!

• introduce supersymmetry to protect scalars

Supersymmetric Standard Model: 
105 parameters

Constrained Minimal Supersymmetric Standard Model:
4 parameters: 0 1/ 2 0,  tan ,  ,  ,  sign( )A m mβ µ

* Assumed here to be 1/ 2
NG−



tan 10β =

Roszkowski, Ruiz de Austri, & Nihei



tan 40β =

Roszkowski, Ruiz de Austri, & Nihei



tan 50β =

Roszkowski, Ruiz de Austri, & Nihei

wide resonance in
neutralino annihilation



Cold thermal relicsCold thermal relicsCold thermal relics
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DAMA 
CDMS

Edelweiss

http://dmtools.berkeley.edu (Gaitskell/Mandic)

models 



Cold thermal relicsCold thermal relicsCold thermal relics



CMSSM neutralino dark matterCMSSM CMSSM neutralinoneutralino dark matterdark matter
• SUSY not constrained, minimal, or standard

• large tan β 
 infrared quasi-fixed point of top Yukawa coupling
 large m0 - focus-point region

• small tan β 
 fine tuning for coannihilation



Thermal WIMP: interaction & mass limit Thermal WIMP: interaction & mass limit Thermal WIMP: interaction & mass limit 
1

X
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Thermal WIMP: Interaction strength determined
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Nonbaryonic dark matterNonbaryonic Nonbaryonic dark matterdark matter
Familiar candidate: thermal relic, i.e., a neutralino

“a simple, elegant, compelling explanation for a   
complex physical phenomenon”

“For every complex natural phenomenon there is a    
simple, elegant, compelling, wrong explanation.”

- Tommy Gold

Dark matter may be produced in inflation (the alarming
phenomenon), be superheavy, and be sterile (or it may 
interact).
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Dark MatterDark MatterDark Matter

WIMP or
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